[1] Carbon, nitrogen, and material fluxes were quantified at 48 sampling locations along the 1957 km coastline of the Beaufort Sea, Alaska. Landform characteristics, soil stratigraphy, cryogenic features, and ice contents were determined for each site. Erosion rates for the sites were quantified using satellite images and aerial photos, and the rates averaged across the coastline increased from 0.6 m yr −1 during circa 1950-1980 to 1.2 m yr −1 during circa 1980-2000. Soils were highly cryoturbated, and organic carbon (OC) stores ranged from 13 to 162 kg OC m −2 in banks above sea level and averaged 63 kg OC m −2 over the entire coastline. Long-term (1950Long-term ( -2000 annual lateral fluxes due to erosion were estimated at −153 Gg OC, −7762 Mg total nitrogen, −2106 Tg solids, and −2762 Tg water. Total land area loss along the Alaska Beaufort Sea coastline was estimated at 203 ha yr −1
Introduction
[2] Coastal erosion and release of organic carbon (OC) to nearshore waters of the Beaufort Sea, Alaska depends on numerous terrestrial and oceanographic factors, including exposure to open ocean and fetch length, nearshore bathymetry, and onshore factors, such as topography, bank height, soil properties, and ground ice. The properties are extremely heterogeneous along the coastline and have been poorly quantified. Hartwell [1973] differentiated the coastline of northern Alaska as mostly fronted by barriers islands (34%) or eroding shoreline (37.5%), while deltaic accretion represents nearly 20% of the total coastline. Jorgenson and Brown [2005] refined the coastal classification on the basis of the compilation of previous studies and interpretation of Landsat imagery. They differentiated five basic coastal types along the 1957 km Alaskan Beaufort Sea coast: exposed bluffs (313 km), bays and inlets (235 km), lagoons with barrier islands (547 km), tapped basins (thaw lake basins) (171 km) and deltas (691 km) (Figure 1 ). Bank heights generally are low (2-4 m), especially for deltas [Jorgenson and Brown, 2005] . Surficial deposits along the coast are typically fine-grained fluvial, eolian, lacustrine, and marine deposits, and thus bedrock control is lacking [Wahrhaftig, 1965; Black, 1964; Dinter et al., 1990] . Ground ice contributes to erosion rates because it affects slope movement and formation of wave-cut niches that destabilize ice-rich bluffs [Leffingwell, 1919; Harper, 1978; Walker, 1983; Dallimore et al., 1996] . Although extremely variable, the variation in ice contents is strongly linked to geomorphic processes [Shur and Jorgenson, 1998; Pullman et al., 2007] . Of particular importance is the abundance of ice wedges, which is strongly associated with geomorphic processes and range in volume from 1 to 30% (M. Kanevskiy et al., Ground ice in the upper permafrost of the Alaskan Beaufort Sea coast, submitted to Antarctic, Arctic, and Alpine Research, 2011).
[3] Large quantities of OC stored in permafrost and the Arctic carbon cycle plays an important role in both atmospheric and marine processes [Gilmanov and Oechel, 1995; Michaelson et al., 1996; Stein and Macdonald, 2004; Davidson and Janssens, 2006; Ping et al., 2008] . If climatic changes continue, a larger portion of OC currently sequestered in northern ecosystems would likely be remobilized and transported to aquatic systems [Guo et al., 2007; McGuire et al., 2009] . A hypothesized climate-driven increase in terrestrial OC inputs to the Arctic Ocean through permafrost thawing, accelerated coastal erosion, and increasing river runoff could dramatically change the turnover and transport rates of tundra carbon, and alter biogeochemical cycles and the arctic ecosystem [Gibson et al., 2000; Savelieva et al., 2000; Stein and Macdonald, 2004; McGuire et al., 2009] . Of particular interest is the rapid release of soil OC that has been sequestered in permafrost for thousands of years. Much of this OC accumulated during 5-9 ka ago and the OC is commonly found to depths of 2-3 m in older coastal plain deposits [Ping et al., 1997; Jorgenson and Brown, 2005] . Major lateral OC export from land to the Arctic Ocean includes fluxes from coastal erosion and river discharge. Recent studies have estimated OC fluxes through large Arctic rivers to the Arctic Ocean [e.g., Raymond et al. 2007; Guo et al., 2011] . However, few studies have quantified the total soil organic carbon flux from coastal erosion to the Arctic [Jorgenson and Brown, 2005; McGuire et al., 2009] . To better quantify these fluxes, the Arctic Coastal Dynamics program [Brown and Solomon, 2000 ] initiated a major circumpolar effort to compile existing data and estimate coastal erosion rates and OC fluxes into the Arctic Ocean. In an initial assessment of the Alaskan Beaufort Sea section, Jorgenson and Brown [2005] estimated that eroding shorelines across the 1957 km coast of the Beaufort Sea contributes 1.8 × 10
5 Mg OC yr −1 , but this study was a firstorder estimation and highlighted the fact that most parameters were inadequately quantified using soils data from only five previously studied sites and confidence limits could not be assigned to the estimates.
[4] Accordingly, the goal of this project was to better quantify OC inputs in order to help evaluate the importance of the transformation of carbon and other substances in the dynamic coastal zone as a critical process that links coastal erosion to the C biogeochemical cycles in the Arctic Ocean. Specific objectives were to: (1) quantify the carbon, nitrogen, soil material stores, and ice contents at systematically distributed sites; (2) to relate these stores to the physical environments along the coast; and (3) to estimate total fluxes of these elements across the Alaskan Beaufort Sea coast (ABSC). In assessing carbon fluxes, we quantified stores and fluxes in relation to two common classification systems, a coastline classification that emphasizes shoreline exposure and bank morphology from an oceanographic perspective and a geomorphic classification that emphasizes soil materials and terrain evolution from a terrestrial perspective.
Materials and Methods
[5] A total of 48 extensive study sites were systematically selected at 40 km intervals along the 1957 km of the ABSC (see Figure 1 and Table 1 ). A systematic design was used in order to reduce sampling bias, broadly distribute samples across the entire coast, and because no geomorphic maps exist at large enough scale and accuracy to allow a stratified random design. Once at the predetermined locations, the actual sampling location along the bluff was situated at the nearest bank to the extent possible. Soil sampling was done between ice wedges, for which relative volume was estimated separately. Samples were obtained from undisturbed permafrost after removal of refrozen slump material. A vertical face along the coastal bank was cleaned back into the unthawed soil profile. The width of the exposed face ranged from 1 to 3 m to cover the cyclic patterns of the cryoturbated soil profile. Soil cores (50-200 cm 3 ) were taken from the exposed soil horizons down to sea level using electric hand drills with keyhole coring saw blades. At low flat sites lacking bluffs, soil pits were excavated and soil cores were taken to the depth of seasonal thawing; then a 7.5 cm diameter SIPRE core was used to drill and obtain frozen cores to sea level, usually up to 2 m depth. At each site, geomorphic characteristics, permafrost-related microtopographic features, shoreline morphology, vegetation, and soil stratigraphy were recorded. Geomorphic units were classified according to engineering geology terminology developed for Alaska [Kreig and Reger, 1982] . Ground ice structure and permafrost geomorphic features were described on the basis of the work of Shur and Jorgenson [1998] . Ice wedge cross-sectional dimensions were measured at each site. Ice wedge polygon size was estimated for each site using aerial or satellite photography. Ice wedge volumes at each site were calculated with wedge shape assumed to be triangular and prism shaped to allow volume to be calculated for the permafrost layers (Kanevskiy et al., submitted manuscript, 2011) .
[6] Soil samples were obtained at 20 cm depth increments, although slight adjustments were sometimes made to avoid sampling across soil horizon breaks. The cores were measured for volume in the field, sealed in plastic bags, and transferred to the laboratory where they were weighed and air-dried. Subsamples were dried to 105°C and reweighed for moisture content. Samples with gravel were sieved (2 mm sieve) to determine the weight of coarse fragments prior to chemical analysis of the fine fraction. Total carbon (TC) and nitrogen (TN) were determined on dried samples using a LECO CHN analyzer at the UAF-AFES Palmer Plant and Geomorphic units are as follows: DTA, delta and tidal flat; EL, eolian loess; ES, eolian sand; GLM, glaciomarine; IPB, ice-poor basin; IRB, ice-rich basin; OGD, other gravel deposits; SDM, sandy diamicton.
Soil Analysis Laboratory. Samples with pH of 5.5 or greater were acid treated and C evolved as CO 2 was determined and subtracted from the amount of TC to give total organic carbon (TOC). Extractable K, Ca, Mg and Na were determined by ICP spectroscopy on neutral 1 N ammonium acetate extracts of air-dried samples [Soil Survey Laboratory Staff, 1996] .
[7] For each site dry matter (weight of solids), water content, TOC, and TN storage from the surface down to sea level were calculated using the equation of Michaelson et al. [1996] . For example:
where T is horizon thickness (cm), D b is bulk density (g cm −3 ), CF v is volumetric percentage of rock fragments >2 mm in diameter, and SIW v is the site ice wedge volume percentage. Standard deviations and confidence intervals were from above calculated data using Excel spreadsheet functions. The stores in individual soil horizons above sea level were summed as recommended by the ACD protocols [Brown and Solomon, 2000] for calculating coastal erosion fluxes. Total soil mass for each profile was calculated from bulk density and horizon depth measurements. Water storage of each site was similarly calculated from sample weight loss after drying (Table 1) .
[8] Erosion rates along the ABSC were measured from ∼1950 (1949-1955) black and white air photos, ∼1980 (1978) (1979) (1980) (1981) (1982) CIR air photos, and ∼2000 ( [2000] [2001] [2002] [2003] [2004] imagery that included Quickbird satellite images from Elson Lagoon and the Arctic National Wildlife Refuge, a controlled CIR air photo mosaic for the National Petroleum Reserve Alaska, and a true color controlled mosaic for the central ABSC. The historical air photos were scanned at 1200 dpi and georectified to the ∼2000 imagery using distinct features evident on the imagery. RMS errors generally were less than 3 m. After georectification, 1 km of coastline across the sampling location was delineated using ArcGIS for each of the three periods at the 48 extensive sites along the coast. We defined the coastline as the water's edge because it allowed us to map coastlines over the range of vegetated and nonvegetated geomorphic units and the tidal range (20 cm) is small. The Digital Shoreline Analysis Systems [Thieler et al., 2005] , an extension for ArcGIS, was used to divide the coastline into 10 segments and calculate the distance between the three coastlines for each endpoint of the segments. We calculated a mean erosion rate from the 10 measurements for each sampling site for the ∼1950 to ∼1980, ∼1980 to ∼2000, and ∼1950 to ∼2000 periods (Table 1) .
[9] Shorelines at the 48 sites were classified using two systems to help partition the variability of properties and fluxes of highly heterogeneous soil materials and coastal morphologies (Table 1) . We used the coastal classification system as described by the Arctic Coastal Dynamics program [Brown and Solomon, 2000; Jorgenson and Brown, 2005] to be consistent with the circumpolar effort to estimate carbon fluxes into the Arctic Ocean. This allows our data to be extrapolated across broader regions using the ACD database. The geomorphic classification, which was modified slightly from the terrain unit classification of Kreig and Reger [1982] is designed to differentiate surficial processes. This system helps differentiate surface ages and ground ice characteristics associated with a typical surface microtopography. The geomorphic system allows extrapolation of soil properties across the broader coastal plain on the basis of properties of similar units. One-way analysis of variance (ANOVA) was used to test the effects of coastal type and geomorphic unit on soil properties.
Results

Coastline Characteristics
[10] The ABSC was classified into five coastline types: exposed bluff, bay/inlet, lagoon-barrier islands, tapped basins, and deltas (Table 1) . Delta deposits (35% of the coastline length), were most abundant along the entire coast at the mouths of numerous rivers. Lagoon barrier island systems (28%) were second most common along the entire coast and were frequently associated with sandy diamicton deposits, which provide a good source of sand and gravel for the barrier islands. Exposed bluffs (16% of coast) were abundant from Cape Halkett to Cape Simpson (Figure 1 ). These bluffs lack the protection by barrier islands and storm fetch in late summer can be hundreds of kilometers. Large bays or inlets (12%) occurred mostly in the western portion of the study area. Tapped basins (9%) were abundant in the same area because lakes and drained basins were common in the glaciomarine deposits in this area.
Geomorphic Units
[11] On the basis of interpretation of soil structures and texture, the 48 sites were classified into 8 geomorphic units including: sandy diamicton of glacial origin, glaciomarine, other gravelly deposits (old beach ridge, alluvial fan, braided floodplain), eolian sand (active and inactive), eolian loess, ice-rich drained lake basins (centers and margins), ice-poor drained lake basins (centers and margins), deltatidal flats (abandoned and inactive delta floodplain, and active and inactive tidal flats; see Table 1 and Figure 1 ).
[12] Sandy diamicton was the most abundant deposit along the coast (27% of sites). It had a wide particle-size distribution and was often gravelly, high in segregated ice and moderately high in wedge ice content (Figure 2 ). The deposit was slightly saline even though it occurred up to 60 km inland, and generally lacked plant and animal fossils at depth. It has recently been attributed to an ice sheet from the continental shelf [Jorgenson and Shur, 2008] and is of Late Pleistocene age. The height of bluffs at most sites varied from 2 to 4 m and the land surface usually had well developed high center polygons. Nearly all the sites had 20% frost boils and well developed surface organic horizons around them. The active layer was <1 m and all sites had a reduced mineral matrix within the surface 50 cm.
[13] Ice-rich drained lake basins (25% of sites) were lowlying areas surrounded by large areas of the older raised surfaces. The basins were formed through thawing of the ice-rich permafrost within the older raised surfaces. Also, some of these basins were formed simply as depressions within an undulating sand sheet [Jorgenson et al., 2006] . Drained basins were commonly found within the older glaciomarine and sandy diamicton deposits and are features of early to mid-Holocene age. Ice-rich basins had abundant low-center polygons. The soils were loamy to sandy and often slightly gravelly, with high contents of segregated and wedge ice (Figure 2) .
[14] Delta and tidal flat deposits (17% of sites) were abundant along the entire coastline and had fine-grained stratified soils. Delta deposits include inactive floodplains with moderately thick interbedded organic and mineral horizons, whereas delta abandoned floodplains occurred further from the coast and had thick accumulations of peat. Tidal flats were barren owing to frequent addition of new sediment. Outer portion of most deltas lacked well-developed polygons with only the early stages of cryoturbation present owing to the continued addition of sediments. Segregated ice, however, was abundant near the top of the permafrost.
[15] Eolian sand (13% of sites) was abundant and associated with both active dunes on deltas and with inactive dunes within a large Late Pleistocene sand sea [Carter, 1981] . The material and the soils formed in it lacked gravel, had low silt and clay content, and had little segregated and wedge ice. The surface morphology varied from flat-to highcentered polygons. Cryoturbation was weak in the sandy soils, and only noticed at half of the sites as distorted horizons and involutions below the permafrost table.
[16] Glaciomarine deposits (2% of sites) were restricted to the Cape Halkett and Cape Simpson areas, where they relatively high bluffs (4-7 m) and were frequently exposed to the open ocean. They were composed of slightly pebbly silty clay loam (Figure 2 ), had abundant marine fossils and occasional cobbles, and were extremely ice rich. The land surface commonly had both flat-and high-centered polygons. There was a dense concentration of organic matter near the permafrost table and to a depth of more than 150 cm, forming a very distinct pattern caused by the dark brown or black organic contrasting with the bluish gray mineral glaciomarine deposits. These soils had 8 to 11 cm of surface organic horizon, and organic matter accounted for 20-30% by volume of the upper 50 cm. Although we sample only one site, we maintained it as a separate class because of its unusually high ice contents and erosion rates. [17] Other gravelly deposits (6% of sites) of differing geomorphic origins were combined into a group of uncommon disparate types with single occurrences for analysis purposes. Most of these sites were located on older Pleistocene age portions of the landscape, and tended to be gravelly with high segregated ice contents but low wedge ice contents (Figure 2) . The group included an old beach ridge with stratified sands and gravels, an abandoned floodplain with alluvial gravels below the fine-grained cover material, and abandoned cover deposit on a braided floodplain with channel gravels at depth.
[18] Ice-poor drained lake basins (6% of sites) of relative young age had poorly developed ice wedges and lack of visible (prominent) ice wedge polygonal patterns. While uncommon, we included them because of their distinct characteristics associated with tapped lakes. They were more common along coastlines with tapped basins, particularly near Cape Simpson and Cape Halkett, 80 km east of Barrow. The soils had only thin surface peat layers and lacked cryoturbation.
[19] Eolian loess (4% of sites) was restricted to high bluffs along Camden Bay. Soils were composed mostly of silt, and had high segregated and wedge ice contents. The surface was characterized with large high-centered polygons with the exception of site 41b, which was characterized by large conical thermokarst, mounds and large thermoerosional gullies along the high bluffs. Cryoturbation was prevalent. Although ice-rich silt is highly erodable, the part of coast with these deposits was fronted by a wide gravel beach that protected the loess bluff from wave action. Gravel on the beach was delivered presumably by along shore currents from nearby braided gravelly floodplains.
Carbon, Mineral, and Water Stores
[20] Stores of materials for each site were calculated on the basis of the bank height above sea level measured at each site and presented on a 1 m 2 surface area basis (Table 1 ). The material stores were adjusted for volumes of ice wedges and they include organic carbon (OC), total nitrogen (N), total solids (soils), water, and selected major cations such as Na, K, Ca, and Mg. The average carbon and other material stores within both coastline types and geomorphic units for the banks above sea level are presented in Table 2 .
[21] There were significant variations (ANOVA, P < 0.05) in most sites and soil properties among coastal types and geomorphic units (Table 3) . For coastal types, 6 of 12 properties varied significantly. Notable exceptions were the recent and long-term erosion rates presumably because variability was so high with classes. For geomorphic units, 11 of 12 properties varied significantly, with most being highly significant (P = 0.00) and K being the sole exception. The results indicate that the geomorphic units were overall more effective at partitioning the variability in site and soil properties than were coastal types, as evident by the substantially lower P values for soil and site properties associated with the geomorphic units.
[22] For coastal types, carbon and material stores typically varied twofold to fourfold among classes (see Table 2 and Figure 3 ). Mean OC stores were highest for exposed bluffs and bay/inlets (92-99 kg m −2 ), and lowest for deltas (623 kg m −2 ). Mean bank height was highest for exposed bluffs (3.2 m) and bay inlets (2.9 m), intermediate for lagoons (1.8 m) , and lowest for deltas (1.3 m) and tapped basins (1.3 m). In general, soil material stores increased with increasing bank heights across sites. For example, TOC was strongly related (R 2 = 0.50) to bank height (Figure 4) . However, the strength of these relationships varied across properties with R 2 for solids, H 2 O, TN, Ca, Mg, and Na being 0.45, 0.65, 0.30, 0.45, 0.46, and 0.34, respectively.
[23] For geomorphic units, bank stores typically varied four to over sixfold among classes (see Table 2 and Figure 3 ). Mean bank OC stores were highest in glaciomarine, sandy diamicton, and loess deposits (100-99 kg OC m −2 ), intermediate in ice-rich basins, eolian sand, and other gravelly (69-53 kg OC m −2 ), lowest in delta-tidal flat deposits and ice-poor drained lake basins (30-26 kg OC m −2 ). Mean bank total N stores were highest for glaciomarine deposits (5.3 kg m −2 ), intermediate for sandy diamicton, ice-rich drained lake basins, other gravelly deposits, and eolian loess, (4.5-2.5 kg m −2 ), and lowest for eolian sand, deltatidal flats and ice-poor drained lake basins (1.6-1.4 kg m −2 ). Mean bank solids content was highest for eolian sand and sandy diamicton (3422-1700 kg m −2 ), intermediate for eolian loess, other gravelly deposits, and glaciomarine (1277-1052 kg m −2 ), and lowest for ice-rich drained lake basins, icepoor drained lake basins, and deltas (738-519 kg m −2 ). Mean bank water content was highest for eolian loess, sandy diamicton, glaciomarine deposits, ice-rich drained lake basins, and other gravelly deposits (1903-1043 kg m −2 ), intermediate for eolian sand (798 kg m −2 ), and lowest for deltas, and ice-poor drained lake basins (483-415 kg m −2 ). Mean bank height was highest for eolian loess, sandy diamicton, eolian sand, and glaciomarine deposits (3.7-2.6 m), intermediate for other gravelly deposits and ice-rich drained lake basins (1.9-1.8 m), and lowest for deltas, and ice-poor basins (0.8-0.7 m).
Mean Annual Material Fluxes
[24] Annual flux of soil materials into the Beaufort Sea is a function of erosion rates, bank heights and material stores. Site OC fluxes based on the long-term 1950-2000 erosion rates are given in Table 1 and the average estimated fluxes for OC by coastal type and geomorphic unit groups are given in Table 2 . The overall coastline weighted average flux rate, taking into account coastal types composition across the study area, was −73 ± 36 kg m −1 yr −1 TOC ( Table 2 ). The overall coastline fluxes (solids, water, carbon, nitrogen and major elements) are presented in Table 4 .
[25] Using erosion rates for the long-term period , early period , and recent period , the mean annual flux of OC from coastal erosion along the 1957 km coastline was estimated at −153 ± 24, −98 ± 15, and −178 ± 28 Gg TOC yr −1 , respectively (Table 4) . The large 95% confidence intervals of the estimates were due to the high variability of the estimates for unit stocks (Table 2) used to calculate the estimated flux. Bank water, solids and TOC were the largest fluxes and similar in magnitude at −2762 ± 403, −2106 ± 262, 153 ± 24 Gg yr −1 over the longer term, followed by Ca, TN, Mg, Na, and K at −10687 ± 1509, −7762 ± 1324, −1100 ± 144, −724 ± 123, −722 ± 123, and −156 ± 25 Gg yr −1 . These fluxes represent minimum estimates because they do not include material stores below the sea level, which could also be exported to the ocean during coastal erosion.
Discussion
Carbon and Other Material Stores
[26] The range of soil stores we found along the Arctic coast was comparable to that found for northern Alaska and Canada by Ping et al. [2008] and Jorgenson and Brown [2005] , Our sampling was deeper than most studies and revealed that dislocated and buried peat from cryoturbation Determined on the basis of the 1950-2000 average erosion rates and coastline coastal type segment lengths. All stores and fluxes include adjustments for ice wedge volume. Abbreviations are as follows: CI, 95% confidence interval; SD, standard deviation; TN, total nitrogen; TOC, total organic carbon. Bold values are the averages weighted by costal type occurrence.
b Weighted by lengths of the coastal types.
can be found considerably deeper than commonly thought; organic samples were frequently obtained from 1 to 2 m depths and occasionally from 2 to 3 m depths. Moreover, in previous studies [Bockheim et al., 2004] soil organic matter at 80-160 cm depths stored in drained-lake basins was treated as depositional from thaw lake events. Our study indicates that organic matter can be dislocated and moved deeper through freeze-thaw processes and syngenetic permafrost development under many geomorphic environments and merits further study.
[27] Ground ice is abundant in most permafrost soils, but is often overlooked in estimates of soil carbon and material fluxes. In our study we fully accounted for the volumetric contents of both segregated and wedge ice. Wedge ice alone can offset up to 30% of the C and N stores, and wedge plus segregated ice occupy 70 to 80% of the total volume of soil in the permafrost-affected Arctic Coastal Plain. This ground ice contributes to the export of a large amount of water, although this amount is minuscule in terms of its contribution to sea level rise. On the terrestrial side, the ground ice is critical to the response of coastal zone to climate warming and permafrost degradation because it reduces the elevation of the ground surface, thus allowing the land to be more susceptible to flooding from storm surges. This is most dramatic in the Cape Halkett area where large thaw-lake basins extend tens of kilometers inland and have extensive salt-killed shoreline vegetation.
[28] The geomorphic classification was effective at partitioning the variability in soil carbon, nitrogen and materials stores, and ground ice contents because it relates soil materials with erosional and depositional processes that occur over varying time periods. The highest carbon stores were found in sandy diamicton and glaciomarine deposits, which are the oldest deposits being of late Pleistocene age. Thus they have been accumulating OC and N for most of the Holocene. In contrast, ice-poor basins and delta deposits are the youngest deposits, being of middle to late Holocene age and have the lowest OC and N stores. The classification, which differentiated older ice-rich and younger ice-poor basins on the basis of the amount of surface polygonization, revealed large differences in water stores (ice) between the deposits. Eolian sand had intermediate water and OC stores, but results were affected by our grouping of both young active and late Pleistocene inactive dunes for the analysis. When considered separately, active eolian deposits have very low water and carbon stores. Because the geomorphic classification was effective at partitioning the variability in OC, N and ground ice contents, it will be useful in assessing the vulnerability of the coast to future erosion, thawing, and flooding. Bank height of course is important in estimation of all stores and varied fivefold among units.
Material Flux Into the Arctic Ocean
[29] Our estimates of fluxes fully accounted for soil properties (particularly frozen bulk densities), ground ice, bank heights and erosion rates, whereas, previous estimates [Jorgenson and Brown, 2005] had relied on very incomplete data sets extrapolated across more generalized units. Geomorphic units separated annual TOC flux estimates into a wider range (12x: 10 to 122 kg TOC m −1 yr −1 ) compared to the coastal types (8x: 21 to 163 kg TOC yr −1 ). Bank stores also had wider ranges among geomorphic units compared to coastal types. Although variability within units is high for both systems, the data indicate that geomorphic units provides a better classification for partitioning the many factors important in material fluxes including erosion rates, soil carbon, ice content, bank height, and total bank materials. Ideally a coastal classification system would incorporate elements of both systems, but we did not integrate both systems for this study because our sample sizes would have been inadequate to test for differences among the numerous classes that would be generated by combining the systems.
[30] Quantitative estimates of material fluxes are fraught with many challenges. First, the extremely high variability in wedge ice distribution and segregated ice, and the cryoturbation of organic matter through the upper profile led to high variability and wide confidence limits. This high variability reduced our ability to find significant differences among coastal types. In future studies this could be over- come by greatly increasing sample sizes, although this greatly increases the expense of such an effort. Second, we used the contemporary water line to define the base of the coastline because this was the only consistent feature for defining the shore boundary over varied geomorphic units. However, the error introduced by this methodology was relatively minor. On the basis of a tidal variation of 20 cm, departure from mean water level probably was less than 10 cm at the time of the image acquisition and field sampling. Error associated with this tidal variation was probably small (<1 m inshoreline position at most sites in relation to an average 50.6 m change over a ∼50 year period). Similarly, the error from tidal variation that was incorporated into estimated material stores above water level was small (<10 cm in relation to an average bank height of 2.0 m). Georectification of imagery also contributed a small error (∼3 m RMS positional error in relation to an average 50.6 m change over a ∼50 year period). Overall, the contribution of these sampling errors was small (probably <5%) in relation to the problems caused by high sampling variability and consequential large confidence limits (15% of mean value) of our flux estimates.
[31] On the basis of our estimated fluxes and scaled up to pan-Arctic regions [Rachold et al., 2004; McGuire et al., 2009] , coastal erosion contributes about 15% of the total terrigenous OC flux to the Arctic Ocean (41 Tg yr −1 ). However, the lateral export fluxes from pan-Arctic erosion are in the same order of riverine fluxes of particulate organic Figure 4 . Site total organic carbon stores as they vary with bank height with coastal types identified by different markers. Costal types: BI, bay inlet; DT, delta; EB, exposed bluff; LG, lagoon; TB, tapped basin. Geomorphic units: DTA, delta and tidal flat; EL, eolian loess; ES, eolian sand; GLM, glaciomarine; IPB, ice-poor basin; IRB, ice-rich basin; OGD, other gravel deposits; SDM, sandy diamicton. carbon, which is estimated at 6-7 Tg-OC yr −1 [McGuire et al., 2009] . Actually, the riverine POC fluxes are mostly derived from the erosion of river bank and permafrost on the basis of evidence of radiocarbon composition of riverine POC and estuarine sediments [Goni et al., 2005; Guo et al., 2007] . In addition, while river export is restricted in the estuarine region, materials exported from coastal erosion are dispersed along the entire Arctic coastline, allowing extensive biogeochemical cycling after erosion. Lateral export fluxes of OC from coastal erosion have significant implications in Arctic carbon cycle and ecosystem changes. Although recent studies showed that only about 1-2% of the total soil OC could be released in dissolved OC form during soil leaching experiments [Dou et al., 2008; Xu et al., 2009a Xu et al., , 2009b , the inputs of soil organic matter through both coastal erosion and river export and the subsequent degradation of both dissolved and particulate organic matter may significantly alter the water and environmental quality and shift the Arctic coastal ecosystem to a net heterotrophic setting. Unfortunately, the fate of organic matter exported from coastal erosion and rivers is largely unknown [Holmes et al., 2008] . Further studies are needed to examine the biogeochemical cycling of old soil organic carbon in the Arctic Ocean.
[32] In addition to export fluxes of OC and TN, coastal erosion may also contribute significantly to the export flux of major elements. Indeed, on the basis of our estimation, the annual fluxes based on longer-term erosion rates of extractable cations were 1100 ± 144 Mg for Mg, 10,678 ± 1509 Mg for Ca, 156 ± 25 Mg for K, and 724 ± 123 Mg for Na, for the 1957 km coastline (Table 4) . These fluxes are 3-6% of river fluxes reported from the Mackenzie River the largest Arctic river in the North American Arctic [Telang et al., 1991] .
[33] There was a 100% increase in the average coastline erosion rate for the recent 1980-2000 period (−1.2 ± 1.0 m yr −1 ) compared to the early 1950-1980 period (0.6 ± 0.5 m yr −1 ), but the rates were highly variable among geomorphic units. For exposed bluffs, tapped basins, and delta units the average erosion rates increased about 150%, 178%, and 200%, respectively, for the recent period over the early period, while the other coastal types of bay inlets and lagoons increased only 13 and 20%, respectively (Table 4) . Although the increase is substantial, the time series of imagery are insufficient to detect a long-term trend related to climate warming and sea ice retreat. Even over 20-30 year periods rates can be sensitive to a few large storm events. The increase is consistent, however, with the analyses by Jones 1950-1980, 1980-2000, and 1950-2000 (Table 1 ) using the average bank height stores for sites within coastal types ( Table 2 ). The estimated rates of coastline area loss for these time periods using the average erosion rate are 117 ± 98 ha yr et al. [2009] for the Cape Halkett area that indicate that erosion rate are increasing in response to decreasing sea ice. Our overall rates were relatively low, however, because we incorporated the large areas of delta deposits that typically have low erosion rates and are more likely to have accreting shorelines. Deltaic erosion is low due to the low-lying flat topography that often lack distinct banks, the extensive very shallow water that limit wave height and energy, and frequent sedimentation.
Conclusions
[34] Stores and fluxes of soil carbon and other soil components along the eroding shoreline of the Beaufort Sea were highly variable owing to large differences in bank composition, bank heights, exposure to the open sea, and erosion rates that were found among coastal types and geomorphic units. To address the difficultly in sampling these extremely heterogeneous materials and landscapes, we used a systematic sampling approach that allowed us to produce the first flux estimates with explicit confidence limits of organic carbon, total nitrogen, major cations, and total solids along the Alaska Beaufort Sea coast. Estimates were based on detailed soil description and analysis at sites distributed across the entire 1957 km coastline. The geomorphic classification was particularly effective at partitioning a suite of important factors including erosion rates, bank heights, soil carbon, and ground ice contents. Erosion rates were extremely variable along the coast, and our longterm estimate of the average erosion rate of 1.0 ± 0.7 m yr −1 along the entire coast (including deltas) was less than many estimates of Arctic coastal erosion, although maximum recent rates for sites along the coast were as high 13.3 m yr −1 along exposed portions of extremely icerich glaciomarine deposits. Because most coastal deposits are ice-rich they will become increasingly vulnerable to the combined effects of warming water temperatures, longer ice-free periods and increasing wave energy from reduced sea ice. Coastal erosion releases large quantities of organic carbon, as well as sediment, fresh water, nitrogen, and cations, which may affect elemental budget and biogeochemical processes in the coastal zones of the Arctic Ocean.
